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ABSTRACT 
The overload induced fatigue crack propagation behavior of 
several aluminum and steel alloys was examined as a function of the 
baseline stress intensity factor range (AK, ). In order to gain a 
clearer understanding of the parameters which influence the cyclic 
delay phenomenon, under both plane strain and plane stress 
conditions, tests were conducted at AK. values ranging from the 
near threshold regime to high AK levels approaching fast fracture. 
Large amounts of overload induced cyclic delay (^ 100,000 cycles) 
were observed at both high AK (provided r /«■ \/t-> 1.0) and low AK 
(provided r /Q. \/ X-M.0) levels with significantly less delay 
occurring at intermediate AK values. All alloys examined exhibited 
this type of delay behavior which can be described by a "U-shaped" 
plot. The delay phenomenon at high AK^ levels was attributed to a 
reduction in AK ff (increasing crack closure) due to large tensile 
displacements in the wake of the advancing crack. At low AK. 
levels increasing cyclic delay was attributed to a reduction in 
AK ~c. This reduction in AK -- was due to crack bifurcation which 
resulted in higher effective overloads as AK approached AKth. 
INTRODUCTION 
The design and operation of sophisticated engineering struc- 
tures such as aircraft, high speed rail systems, and nuclear 
reactors are becoming increasingly more complex. Optimum operation 
of these structures is contingent upon the ability of design 
engineers to accurately predict a safe useful life under minimal 
economic burden. Design criteria such as the "safe life" and 
(1-3) damage tolerant design philosophies*  ' are currently employed in 
the life analysis of such structures. "Safe life" design, the 
older of the two philosophies, is based on cyclic stress vs. number 
of cycles to failure (S-N curves) information for unnotched 
samples. The "safe .life" concept is relatively simple to apply to 
design situations involving a simple loading history. This 
simplicity is a consequence of the fact that: a) a component can 
be designed to operate at stress levels below the fatigue or 
endurance limit (as defined by no failure before 10 cycles at a 
given stress level), which can be determined easily in the 
laboratory or estimated from other mechanical test data, and b) for 
design stress levels above the endurance limit, the number of 
cylces to failure or some fraction thereof can be measured directly 
from an S-N curve. Regarding the former, it has been shown that 
the endurance limit is typically thirty to fifty percent of the 
ultimate tensile strength for a given engineering alloy. However, 
a design which employs the "safe life" philosophy does not 
recognize the potential existence of a defect and therefore, makes 
no distinction between the initiation, propagation, and final 
fracture modes in the life of a component. Therefore, fatigue life 
estimations based on the "safe-life" approach are made on the 
assumption that no defects are present. This design philosophy can 
in some cases lead to cyclic lives which are orders of magnitude 
shorter than predicted. 
Life calculations using the "safe life" approach for compo- 
nents subjected to variable amplitude loading are based on the Min- 
(4) 
er-Palmgren linear cumulative damage law. ' Miner proposed that 
damage sustained at different stress levels was additive, such that 
the total life was calculated by: 
« 
where n = the number of damage cycles at a given stress level, and 
Nf = the number of damage cycles associated with failure at 
that stress level as determined from S-N curves. 
It should be noted that Miner's model does not recognize the 
effects of prior loading history, including loading sequence on the 
subsequent fatigue life. More importantly, if an unknown defect 
were present the total life of the component would be significantly 
less than that expected on the basis of Eqn. 1, and S-N data which 
are derived from unnotched test samples. Another shortcoming to 
this approach is the large amount of scatter in test results. 
Material inhomogenieties and uncertainties in test variables 
account for a large portion of this scatter; this forces the design 
engineer to make life predictions on the basis of a statistical 
analysis which carries with it obvious inherent uncertainties. 
In contrast to the "safe-life" criteria, the damage tolerant 
philosophy makes a sharp distinction between the initiation and 
propagation stages of subcritical flaw growth. A defect(s) of some 
specified dimension is assumed to exist in the structure prior to 
service. Therefore, component fatigue life would correspond to the 
number of cycles necessary to propagate the defect to some critical 
dimension. The success of the damage tolerant philosophy depends 
heavily upon the application of fracture mechanics, which involves 
an analysis of the interaction between the component stress field 
and an existent defect. Fracture mechanics has demonstrated that 
the stress state at the crack tip in a linear elastic solid can be 
quantitatively described by the stress intensity factor, K, as 
defined by: 
K = Y a   A (2) 
where a = the applied stress 
a = defect size 
Y = specimen geometry-dependent correction factor 
Fracture mechanics concepts have also been applied to the 
fatigue crack propagation (FCP) process. Crack propagation in 
linear elastic solids has been shown to be a function of the stress 
(S-7) 
intensity factor range, AK (K_ -Km. ). " ' Under constant iiiu A HI i n 
amplitude loading conditions, the crack growth rate (da/dN) in the 
intermediate growth rate regime (region II in Figure 1) generally 
follows a power-law relationship ' of the form: 
^=AAKm (3) 
where A and m are a function of: material properties, environment, 
temperature, mean stress, and frequency. Consequently, it is 
essential that designers recognize the existence and propagation 
of these flaws. Thus, once a growth rate relationship is de- 
termined for a particular material, the remaining fatigue life of a 
component with a defect of known size and a defined cyclic stress 
range can be calculated by integrating Equation 3. For example, 
the U.S. Air Force* ' now employs the damage tolerant design 
philosophy (designated MIL specification 83444) which assumes the 
presence of a crack with a given dimension at e^ery critically 
stressed region. The number of cycles needed to propagate such a 
defect to some critical dimension (a specified crack length less 
than that required for failure), for a given material and loading 
condition, is used to predict the useful or fail-safe life of the 
component. When a flaw reaches the critical dimension the 
component is either repaired or retired and replaced. Therefore, 
when appraising candidate materials for structures subjected to 
cyclic loading (e.g., aircraft, rail systems, pressure vessels), it 
is essential that the FCP response be evaluated in addition to 
static property measurements. 
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Figure 1.   Schematic diagram illustrating the three 
regions of fatigue crack growth. The 
influence of the cyclic plastic zone is also 
illustrated (adapted after YoderU*/). 
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As illustrated by the sigmoidal appearance of the da/dN-AK 
curve in Figure 1, most materials do not exhibit a linear power law 
relationship for all stress intensity ranges. Accordingly, the 
parameters A and m vary with AK, thus complicating life prediction 
based on the integration of Eqn. 3. With the aid of a digital 
(9) 
computer, ' Eqn. 3 can be integrated in an incremental fashion. 
Thus, life calculations are possible provided A and m are 
everywhere defined and the crack growth dependence on the mean 
stress level, environment, and frequency is known. 
Deviations from a power law relation in the growth rate curve 
generally occur at AK extremes. For instance, at high AK levels as 
Km,„ approaches the fracture toughness, K , the slope of the da/dN- max c 
AK curve increases sharply until final fracture (Figure 1). This 
phenomenon can be attributed to the large amount of plasticity that 
occurs often at the crack tip at high AK levels; the existence of a 
large plastic zone compromises the underlying assumptions regarding 
the use of linear elastic fracture mechanics. Also, as K 
approaches K , small regions of fast fracture begin to appear ahead 
of the crack and lead to acceleration of the FCP rate. As might be 
expected, higher growth rates are observed at higher mean stress 
levels (Rratl-0 = Knrin/,Kmax)' ™1S increase in growth rates at high 
AK levels is attributed to the fact that Kv  approaches K sooner ma A c 
for a given AK. Forman et al.^ ' modified the power law 
relationship  (Eqn. 3)  by multiplying AAKm by the term 
1/[(1-R)K -AK] which accounts for both the material toughness and 
mean stress. 
At low AK levels, where plane strain conditions dominate, the 
da/dN-AK curve asymptotically approaches a limiting stress intensi- 
ty threshold range, AK.. , where crack growth rates become vanish- 
ingly small. At low AK values approaching AK.. , a "knee" in the 
growth rate curve is observed (Figure 1). Yoder and 
(11 13) 
co-workersv ' ' have shown for various titanium, steel and 
aluminum alloys that the deviation or transition from a power law 
relationship (Eqn. 3) in the intermediate to low growth rate 
regime, corresponds to a unique value of stress intensity range, 
AK-p As revealed in Figure 1, Yoder and co-workers noted that the 
transition in the slope of the da/dN-AK curve is highly dependent 
on microstructural considerations. They observed that when the 
cyclic (reversed) plastic zone size, r , was equal to or less than 
J 
some unique microstructural dimension,J,  the material no longer 
acts as a continuum; instead, fatigue damage depends strongly on 
metallurgical factors associated with the crack tip region. For 
c   
example, when r is less than or equal to £, the mean free path 
between effective barriers to slip transmission, the slope of the 
curve increases substantially. Such dislocation barriers include 
martensite lath boundaries, grain boundaries, sub-grain boundaries, 
and second phase particles. 
(14 15) The concept of crack closure as first proposed by ElberN ' ' 
has been used to account for the observed increase in FCP rates 
with increasing mean stress level and the asymptotic behavior in 
the threshold regime. Elber concluded that the effective stress 
intensity range, AK f,, rather than the applied stress intensity 
range, AK  . best characterized the fatigue crack propagation 
app 
process. Figure 2 is a schematic diagram which illustrates the 
differences between these two parameters. Defined in this figure 
is a stress intensity value, K  (K-opening), below which the crack 
tip remains closed during cyclic loading. Since a crack will not 
be expected to propagate so long as its mating surfaces are closed, 
the effective stress intensity factor range, AK «, is therefore 
defined as Kmax-K . It should be recognized however, that Elber's 
arguments are based on observations made under predominantly plane 
stress conditions where large residual tensile displacements occur 
and are believed responsible for the crack remaining closed until 
some critical stress intensity level, K , is exceeded. In the 
near threshold or low growth rate regime (region I), plane strain 
conditions dominate. Thus, large residual tensile displacements do 
not occur. It has been suggested therefore, that closure arguments 
should only be applied to FCP results when plane stress conditions 
dominate/ '   However, numerous workersv " ' have reported 
that K  values increase with decreasing K  at low AK levels 
(plane strain conditions). Part of this controversy apparently 
lies in the uncertainties associated with the measurement of K 
values as well as the mechanism(s) associated with the closure 
phenomena. For instance, Clerivet and Bathaisu ' noted that the 
K 
AKeff 
i 
1 AK ^max i 
K0p 
J    U 
1 
TIME 
Figure 2. Crack surface interference results in 
crack remaining closed above Kmin.   AKeff 
defined as K^x - K0p, where K0p is 
opening level. 
10 
amount of closure at the crack tip was a function of stress state. 
At the specimen faces where plane stress conditions were operative, 
mating crack surfaces opened later than those in the central region 
of the specimen where plane strain conditions were dominant. As 
such, determination of K  will depend both on the technique and 
location of the measurement. Depending on the technique used, K 
to]) 
values for a particular K w could vary significantly.v ' It max 
should be noted though, that regardless of the technique employed 
in measuring K  values, it was generally found that as K 
decreased, K  increased in the low growth rate regime. Several 
alternative mechanisms have been advanced to explain this increase 
in K  and/or reduction in AK -f for AK values approaching 
(22) threshold. Of these, models based on crack tip bifurcation/ ' 
(23) Mode II displacement (micro-roughness),v ' and closure enhanced by 
(24 25) 
corrosion debris* ' ' may provide rationale for this phenomenon. 
Further discussion of these models is presented in a later section. 
Life prediction methods become complex when a component or 
structure experiences a spectrum of loads of varying magni- 
Ioc   op\ 
tuder   '  this is due to the resulting transient changes in the 
(29 30) FCP rate. For example, Schijve and co-workersv ' ' demonstrated 
that large tensile overloads can extend the fatigue life of certain 
aircraft components. By truncating all large tensile load ex- 
cursions in an aircraft flight spectrum, they found that the total 
life of the component was shorter as compared with the cyclic life 
11 
of a specimen that was subjected to an actual flight loading 
spectrum. 
A significant amount of work has been conducted to identify 
those parameters that influence and/or control transient crack 
growth behavior. As might be expected, crack growth attenuation 
was found to increase with increasing percent' overload and increas- 
ing number of overload cycles/ " ; Similarly, it is well 
documented^ ' '  that single and multiple overloads or underloads 
can lead to a temporary attenuation or acceleration, respectively, 
of the crack growth rate. Different results have been reported, 
however, regarding the influence of the baseline stress intensity 
level, AKb> on crack growth delay resulting from overload cycle(s). 
(31 37) For example, Hertzberg and co-workersv ' ' found that cyclic 
delay, as defined in Figure 3, in 2024-T3 aluminum alloys increased 
with increasing AKb for tests conducted in the intermediate to high 
AK regime (Figure 4a). In sharp contrast, Chananv '  and 
(38 39) 
others* ' ' reported increasing cyclic delay with decreasing AK. 
for tests conducted in the low to intermediate AK regime in several 
high strength aluminum alloys (Figure 4b). 
Considering the deviations from linearity in the FCP response 
of engineering alloys, it is obvious that mechanical property 
evaluation of candidate materials must include characterization of 
fatigue crack growth rates from the threshold regime to stress 
intensity values approaching K_. In addition, since most 
12 
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Figure 3.       Schematic diagram of crack length versus number of 
applied cycles.    Curve resulting from the application 
of a single tensile overload. 
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structures experience loads of varying magnitude, rather than of 
constant amplitude, candidate materials should also be evaluated 
under spectrum loading conditions. This is particularly important 
since material ranking under random loading may differ dramatically 
from results obtained under constant amplitude conditions.^ u~4^/ 
A great deal of information has been obtained from the micro- 
scopic examination of fatigue fracture surfaces. In the intermedi- 
ate to high AK regime most metallic materials exhibit some degree 
of fatigue striation formation. At very high AK levels, near fast 
fracture, metallic materials are generally characterized by micro- 
void coalescence; at very  low AK levels, a faceted or "clea- 
vage-like" appearance is seen. To date, striation spacing measure- 
ments have provided the most quantitative information from a 
fatigue fracture surface feature. It has been shown that there is 
a one-to-one correspondence between the number of fatigue 
striations found on the fracture surface and the number of load 
(43) 
excursions.v '    Consequently, one would expect the striation 
spacing to be related to the macroscopic growth rate. Indeed, 
(44 45) 
workers  '   have demonstrated that there is a reasonable 
correlation between striation spacings and the crack growth rate 
for numerous materials. It is important to recognize, however, 
that even though fatigue striations may be observed on a fracture 
surface, they may not necessarily be the only fracture mechanism 
operating at the time. Therefore, crack growth rates calculated on 
16 
the basis of distances between striations could differ 
significantly from the measured macroscopic growth rate. 
In the fatigue fracture process, when subcritical crack 
extension is dominated by striation formation, the width between 
these fracture surface features should also be related to the 
. (45) 
stress intensity factor range. Bates and Clark* '  developed a 
relationship between the striation spacings and the applied AK of 
the form: 2 
Striation Spacing ^ 6 (-^-) (4) 
where E = Young's modulus. 
(15 46) Othersv ' ' have found better correlation based on AK -- 
rather than AK; this relation is of the form: 
AKeff/ Striation Spacing = U (—g—) (5) 
where U is a material dependent constant. Pelloux et al.* ' 
successfully employed fractographic techniques to determine K 
values from fatigue striation spacings in 2124-T351 aluminum 
alloys. 
Under spectrum loading conditions, where overloads are encoun- 
tered, giant striations or stretch zones are formed. The stretch 
zone width, in turn, has been related to the elastic- 
plastic fracture parameter, AJ/4 '4 '    Since AJ is related to 
17 
2 2 AK /E , the stretch zone width should also be related to AK. 
Indeed, this was found to be the case for several engineering 
alloys/ ' as seen in the following equation: 
AK -- 2 
SZW = U (-f11-) (6) 
where SZW = the stretch zone width. 
The objective of this thesis is to investigate the overload 
induced crack growth attenuation behavior in several engineering 
alloys. Theories accounting for the delay phenomenon will be 
analyzed and applied to this work. Single peak tensile overload 
tests of varying magnitude will be conducted at several different R 
ratios for a given baseline stress intensity range, AK. . In order 
to gain a clearer understanding of the parameters which influence 
the delay phenomenon, under both plane strain and plane stress 
conditions, tests will be conducted at AK. values ranging from the 
near threshold regime to high AK levels approaching fast fracture. 
A microscopic examination of the fracture surfaces in the 
overload regions is planned, using both light and electron 
microscopy techniques. These fractographic studies will focus on 
the relationship between the overload fracture feature and the 
controlling stress intensity conditions. 
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EXPERIMENTAL PROCEDURES 
The materials examined in the current study were AC050* 
(extruded), AC062* (extruded), 2024-T3 (rolled) aluminum alloys, 
and ASTM A514F high strength structural steel plate. Heat treat- 
ment procedures and tensile properties with X estimations for 
these materials are presented in Tables 1 and 2, respectively. 
Compact tension (CT) and wedge opening loaded (WOL) type 
fracture mechanics specimens oriented in the longitudinal (LT) 
direction^ ' (see Figure 5) were utilized for the fatigue crack 
propagation experiments. The sheet thicknesses for these specimens 
ranged from 1.6 mm to 10.0 mm (see Table 2). The stress intensity 
solutions for these specimens are as follows: 
CT(52): K--£- • &  + '^ • Y (a/w) 
Bv/fr  (1 - a/w)'-5 
where Y (a/w) = [.866 + 4.64 (a/w) - 13.32 (a/w)2 + 14.72 (a/w)3 - 
5.6 (a/w)4] 
W0L(53):    K = _P_ ,      (2 + a/w)    ^  y (a/w) 
Bv^w      (1  - a/w)L5 
where Y (a/w) = [.8072 + 8.858 (a/W) - 30.23 (a/w)2 + 41.088 (a/w)3 
24.15 (a/w)4 + 4.951-(a/w)5] 
Fatigue crack propagation experiments were conducted on MTS 
and Instron electro-hydraulic closed loop test systems. All 
*N0TE: These materials were supplied by the Swiss Aluminium Ltd. 
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TABLE 1. Heat Treatment Procedures 
ro 
o 
Material 
AC062 
(a  = 326 MPa) 
AC062 
(ays = 264 MPa) 
AC050 
2024-T3 
A514F 
Prestraining 
10% 
Solution Treatment 
12 hrs. @ 520°- 
580°C 
170 hrs. @ 530°C 
290 hrs. @ 530°C 
Commercial Grade 
Commercial Grade 
MM 
14 hrs. @ 160°C 
1 hr. @ 510°C 
and 
10 hrs. @ 165°C 
1 hr. & 510°C 
and 
10 hrs. @ 165°C 
TABLE 2. Tensile Properties and a  Estimations 
ro 
Yield Strength 
Material      (MPa) . 
AC062 326 
AC062 264 
AC050 220 
2024-T3 362 
A514F 814 
Ultimate Strength   Sheet Thickness 
(MPa) (mm) 
357 
292 
238 
496 
3.6 and 10.0 
5.9 
3.9 
1.6, 2.4, 3.2, 
6.4, 24.0 
3.2 
(mm.) 
.08 
(mean grain diameter) 
.250 
(mean grain diameter) 
.095 
(mean grain diameter) 
.116 
(mean grain diameter) 
.02 
(martensite packet 
size corresponds to 
prior austenite grain 
size) 
Figure 5.   Configuration of test specimens used in 
overload investigations, (a) compact tension 
(CT) (see note for dimensions). 
Note: W = 60.69 mm, H = 38.1 mm, t = see 
Table 2. 
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Figure 5.   (b) Wedge opening loaded (WOL) (see note for 
dimensions). 
Note: W =64.77 mm, H = 31.5 mm, t = see 
Table 2. 
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testing was performed under constant baseline stress intensity 
range (AK, ) conditions in order to more clearly identify the effect 
of tensile overload excursions on the subsequent crack growth rate. 
Constant AK, conditions were achieved by shedding loads (less than 
1 percent increments) at least every  0.2 mm, as schematically 
illustrated in Figure 6 (see von Euw, et al.^ ' and 
others^ ' ').    Periodically, fatigue testing was interrupted to 
measure crack extension with a Gartner traveling microscope and to 
record the associated number of loading cycles (N). Delay behavior 
was determined by applying single peak tensile overloads, as shown 
in Figure 7, at a frequency equal to or less than 0.2 Hz. The 
percentage overload (% O.L. =AKQ . /AKu x 100) was kept constant 
at 100 percent. The amount of cyclic delay, N,, due to an overload 
was measured from the crack length (a) vs. cycles (N) curves, as 
shown in Figure 3. The cyclic test frequency (sinusoidal waveform) 
varied from 70-125 Hz for tests run in the low to intermediate AK 
regime, and 1-20 Hz for those tests conducted in the high AK 
regime. All testing was performed in laboratory air at room 
temperature. 
A portion of the overload studies was conducted at Del Re- 
search laboratories under the direction of J. K. Donald and G. 
Miller. The Del test systems were automated with the aid of a 
PDP-8e digital computer interfaced with the MTS test frame. Crack 
extension in the computer-controlled tests was monitored using the 
(54) 
elastic compliance technique;v ' crack opening displacement 
measurements required in this procedure, were obtained with a 
24 
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Figure 6. Load shedding procedure to achieve quasi-constant AK 
test conditions. 
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Figure 7. definition of terms in single peak tensile overload 
clip-in displacement gage mounted on the specimen face (see 
Stofanak* '). Use of the elastic compliance technique permits 
loads to be shed continuously, while the value of the stress 
intensity factor is held constant. This can be illustrated with 
the following equation.  ' 
K = KQ exp [c(a-aQ)] (8) 
where K = initial cyclic stress intensity 
a = initial crack length 
a = current crack length and 
c = the stress intensity factor gradient. 
Thus, a constant AK is obtained by letting c = 0. 
In order to examine the fatigue fracture surface morphology 
associated with regions of tensile load excursion, specimens were 
examined using both transmission and scanning electron microscopy 
techniques. All specimens were cleaned ultrasonically in acetone 
prior to examination. A Philips EM300 transmission electron 
microscope (TEM) was used to examine standard two-stage (Cr coated) 
carbon replicas at an accelerating potential of 80 kV. Replicas 
viewed in the TEM were from overload regions in the intermediate to 
high AK regime. 
Fractographic investigations of overload regions generated in 
the low AK regime were performed using an ETEC scanning electron 
microscope (SEM) at an accelerating potential of 20 kV. Specimens 
viewed in the SEM were mounted in the chamber with the FCP direc- 
tion oriented normal to the collector so as to eliminate tilt 
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errors on stretch zone width measurements. These measurements were 
made directly from all photographic negatives and were based on 
measurements from at least 10 evenly spaced regions along a given 
stretch zone. 
Metal!ographic specimens were prepared for grain size estima- 
tions using standard polishing procedures. The AC050, AC062 and 
2024-T3 aluminum alloys were etched with either Keller's or 0.5% HF 
reagents, and the A514F steel was etched with 2% nital. Grain size 
estimations for the nonferrous alloys were made with Jefferies1 
(55) planimetric technique^  , ASTM comparative technique, and a 
computer aided graphical technique, while the ASTM comparative 
procedure was used to determine the grain size in the ferrous 
material. 
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RESULTS AND DISCUSSION 
Overload Effects on FCP 
The effect of 50 and 100% single peak tensile overload cycles 
on the subsequent fatigue crack propagation was determined for 
AC062, AC050, 2024-T3 aluminum alloys and A514F steel. Results of 
these overload tests are presented in Tables 3, 4, 5 and 6, respec- 
tively, for baseline stress intensity conditions from the near 
threshold regime to levels approaching fast fracture. Referring to 
Tables 3-6, it is clear that the application of 100% tensile 
overloads resulted in varying amounts of cyclic delay (as previous- 
ly defined in Figure 3) for all AK. conditions. The application of 
50% overloads (applied to AC062 samples, <r  = 326 MPa) resulted in ys 
significantly less delay and in some cases no delay at all (spec- 
imen numbers: LL276, LL277). Results from these 50 and 100% over- 
load tests are yery  similar to the results reported by oth- 
ers^ " ' ; which showed a significant increase in the amount of 
delay as the percentage overload was increased. 
As shown in Table 3, results for AC062 (a  = 326 MPa) are ys 
reported for R ratios of 0.1, 0.5, and 0.8. Since overload data 
for R ratios above 0.1 were only obtained for AC062 these delay 
results will not be discussed in great detail. From this limited 
data, however, it is apparent that as R is increased the amount of 
cyclic delay is decreased. These results are contrary to those 
(cc\ 
reported by Bernard et al.  ' who showed that in two steels for a 
given baseline stress intensity range and a given percent overload, 
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AC062 
TABLE 3A. Overload Results 
(avc = 326 MPa, F = .08 mm) ys 
o 
SPEC ID  AKb(MPa*€)   R   %  o.L, 
LL 277! 
LL 2771 
LL 277T 
LL 277+ 
LL 276! 
LL 276* 
LL 276! 
LL 276! 
LL 2761 
LL 276 
LL284] 
LL824 
LL280^ 
LL280 
LL278 
LL278 
LL278 
LL278 
LL281 
LL281 
LL281 
LL281 
3 
3 
3 
3 
5 
5 
5 
5 
5 
5 
5 
5 
7 
7 
10 
10 
10 
10 
15 
15 
15 
15 
.5 
.5 
.8 
.8 
.1 
.1 
.5 
.5 
.8 
.8 
.1 
.1 
.1 
.1 
.1 
.1 
.5 
.5 
.1 
.1 
.5 
.5 
50 
100 
50 
100 
50 
100 
50 
100 
50 
100 
50 
100 
50 
100 
50 
100 
50 
100 
50 
100 
50 
100 
ry(0-»-)(mm)   t(mm)   ^(O.L.)^   ry(Q.L,)/* 
.03 
.04 
.14 
.16 
.03 
.06 
.08 
.11 
1.1 
1.3 
.03 
.06 
.06 
.11 
.13 
.33 
.94 
1.3 
.87 
1.5 
2.1 
3.0 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
.003 
.004 
.014 
.016 
.003 
.006 
.008 
.011 
.11 
.13 
.003 
.006 
.006 
.011 
.013 
.033 
.094 
.13 
.087 
.15 
.21 
.30 
.38 
.5 
1.8 
2.0 
.38 
.75 
1.0 
1.4 
13.4 
16.2 
.38 
.75 
.75 
1.4 
1.6 
4.1 
11.8 
16.2 
10.9 
18.8 
26.2 
37.5 
Nd 
34000 
13000 
22000 
3000000 
12400 
16500 
11600 
860000 
5000 
35000 
1400 
16500 
1000 
8650 
1700 
10100 
1040 
8650 
Table 3A.    Overload Results 
Cont'd. 
co 
SPEC ID AKb(MPav¥) R 
.1 
% O.L. ry(O.L.)(mnO 
1.6 
t(mm) 
10 
ry(o.L.)/1: 
.16 
ry(o.L.) 
20.0 
/a Nd 
LL 285 20' 50 1200 
LL 287 
LL 287 
20 
20 
.1 
.1 
50 
100 
1.6 
2.7 
10 
10 
.16 
.27 
20.0 
33.8 
1400 
8800 
LL 289 20 .1 50 1.6 10 .16 20.0 1600 
LL 290 20 .1 100 2.7 10 .27 33.8 11000 
1  LL 
1 LL 
1  LL 
13 
16 
20 
.1 
.1 
.1 
100 
100 
100 
1.1 
1.7 
2.7 
3.6 
3.6 
3.6 
.31 
.48 
.75 
— 10-15000 
48000 
235000 
+ 
Note: These data were examined from Del Research 
AC062 
TABLE 3B.    Overload Results 
(oys = 264 MPa.X = 0.25 mm) 
SPEC ID       AKb(MPavfii") R % O.L. ry(Q Lj(mm)       t(mm)       ry(ou)/t       ry(0L)/& Nd 
1-502 7 
1-502 9 
1-502 10 
1-502 12 
1-502 18 
ro 
100 
100 
100 
100 
100 
.25 
.82 
1.0 
1.5 
3.3 
3.9 .08 1.0 >500000 
3.9 .21 3.2 200-225000 
3.9 .26 4.0 150000 
3.9 .37 5.84 125000 
3.9 .84 13.2 175-200000 
AC05
° (%s = 220MPa,I = .095 mm)  "V 
CO 
CO 
TABLE 4.    Overload Results 
ys 
SPE^      AKb(MPa^) ±      ^u ry(0.uM       t(mm)       ry(0.u)/t       ry{Ql)/, 
H-586 5 .1 100 .36 
Nd 
3
-
9
 .03 1.06 >300000 
IN586
 
7
 •' 
10
° •" 3.9 .09 3.8 65000 
!!1L5 !,° •' ,0° K6 3-9 -37 "•« 10-15000 
n
-
585 12 J
'
00
-2-1 3.9 .54 22.2 20000 
11-586
 
15
 •' 
10
° 
3
-3 3.9 .84 35.0 175-200 X 103 
2024-T3 
TABLE 5.    Overload Results 
ys (crwe = 362 MPa.T =  .12 mm) 
SPEC
 
ID
       ^(MPadJp        ±_      ^L ry(QU)(mm)       t(mm) 
TCT-1 6.25 
AWOL-1 7.0 
TCT-1 7.5 
AWOL-1 8.0 
TCT-1 8.5 
£ AWOL-1 9.0 
TCT-1 10.0 
Nd 
100 
.10 2,4 .04 .83 > 600000 
100 
.13 6.4 .02 1.1 160000 
100 
.15 2.4 .06 1.2 100000 
100 
.17 6.4 .03 1.4 45-56000 
100 
.39 2.4 .16 3.2 31-47000 
100 
.44 6.4 .07 3.7 21-30000 
100 
.50 2.4 .21 4.2 29-41000 
A514F 
TABLE 6.    Overload Results 
(ays = 814 MPa, J= .025 mm) 
SPEC ID       AKb(MPa>¥) R % O.L. 
205 10 
205 12.5 
205 15 
205 20 
1* 33 
w 3A, 18A* 44 
01
 8A, 10B* 55 
ry(0.L.)(mni)   t(mm)   ry(0.L.)/1; Nd 
100 .036 3.2 .01 1.4 300000 
100 
.058 3.2 .02 2.3 75-80000 
100 .12 3.2 .04 4.8 20-25000 
100 .43 3.2 .13 17.2 20-24000 
100 .65 3.2 .2 26 26000 
100 1.95 3.2 .6 78 39-42000 
100 3.05 3.2 .95 122 70-80000 
*Note: After Mills et al. (33) 
the amount of cyclic delay increased as R was increased. It is not 
clear from their discussion why the amount of delay increased with 
increasing R. In the present investigation, however, it is spec- 
ulated that for the AC062 aluminum alloy, the observed decrease in 
delay as R is increased is related to the fact that for this 
material, the amount of crack closure decreased significantly as R 
increased. In fact, at R ratios of 0.5 and above, no closure was 
observed. The significance of this finding is discussed below at 
greater length. 
Figure 8 shows a portion of the data for 2024-T3 obtained in 
this investigation and from the study of Mills et al. (from Figure 
(37) 4a* ') with the amount of cyclic delay being plotted as a function 
of the overload monotonic plastic zone size (as defined in Refer- 
ence 37), r (Q, \. The variation in rv/gi ) results from the same 
percentage overload being applied at progressively larger AKL 
levels. This figure also demonstrates the influence of specimen 
(33) thickness on delay behavior. It was argued previously v '  that 
increased cyclic delay associated with higher AK, and thinner 
section sizes reflects enhanced plane stress test conditions. In 
turn, the larger plastic zones associated with plane stress con- 
ditions would contribute to more crack closure (i.e. K „ would op 
increase); the resulting lower AK ~-  condition would then lead to 
enhanced delay. It should follow, therefore, that if the data in 
Figure 8 are normalized with respect to sheet thickness (t), a 
unified trendline should be evident. Indeed, Figure 9 reveals the 
36 
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O.L. Plastic Zone Size, Ry(mm) 
lay as a function of the O.L. plastic zone 
:e (adapted from Mills and Hertzbergw') ). Figure 8.   Deli siz
Solid symbols from this study. 
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Figure 9.   Delay as a function of the O.L. plastic zone 
size to sheet thickness ratio (high AK 
levels). Open data points from Mills and 
Hertzberg (37) and closed points from the. 
present study. 
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data from Figure 8 are normalized on the basis of r /n. Jt.    We may 
conclude, therefore, that the delay phenomenon at high AK, levels 
is strongly influenced by deformation processes associated with 
conditions of plane stress. Note that the amount of delay in- 
creases dramatically as r /«■ Jt approaches unity. Since the 
Chanani data (Figure 4b^ ') correspond to test conditions that 
were predominantly plane strain in character, normalization of 
these results on the basis of specimen thickness could not be 
expected; this was found to be the case. 
Support for the plasticity argument, and the assumption of 
large tensile displacements at high AK levels in the wake of the 
advancing crack tip, is provided in Figures 10a and 10b. Signifi- 
cant plastic deformation at the specimen surface of AC062 
(a  = 264 MPa, at a AK, = 18 MPa M)  associated with the applica- 
tion of a 100% tensile overload is shown in Figure 10a. This 
photomicrograph reveals the plasticity "wings" generally associated 
with the deformation process under predominantly plane stress 
conditions. Additional evidence for plasticity associated with the 
production of large tensile displacements in the wake of the 
advancing crack is provided in the transmission electron micrograph 
in Figure 10b. Significant abrasion is observed in this figure in 
the region following the overload cycle; this results from 
considerable rubbing of the mating fracture surfaces in the wake of 
the tensile overload. 
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FCP ■^150^, 
Figure 10. &2 Phof micrograph of a 100% O.L.   in AC062 
AK   =18 MPaiffi).    Note "plasticity wings" 
eminatlng from crack tip.    Arrow indicates 
point of overload. 
40 
Figure 10.        (b) Transmission electron micrograph of the 
overload region in AC062.    Mote (arrows) the 
presence of abrasion due to surface 
interference following the overload cycle 
(vertical bars demarcate overload). 
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Since the delay phenomenon associated with high AK. levels in 
2024-T3 is strongly dependent on stress state, it follows that 
tensile overload-induced delay in other materials should also be 
normalized on the basis of rv(o\\/t.    Indeed, this was found to be 
the case. As shown in Figure 11, the 2024-T3 data are plotted with 
the data for AC062, AC050 aluminum alloys and A514F steel as a 
function of r (QJ \/t. Again, all the data tend toward a single 
curve, with the amount of delay increasing dramatically as r /0> \/t 
approaches 1.0. 
As discussed earlier (see Introduction) large amounts of 
cyclic delay have been observed at both high and low AK. levels. 
Consider the data for 2024-T3 for AK, levels from the threshold 
regime to levels approaching fast fracture when plotted, as a 
function of r /«■ \/t (see Figure 12). (The change in r (g, \ 
corresponds to a change in the AK, level for a given percentage 
overload.) Clearly, the data are described by a "U-shaped" plot 
which reflects large amounts of overload induced cyclic delay at 
both high and low stress intensity levels, but little delay at 
intermediate AK values. Note that the data corresponding to low 
AKb conditions are not normalized by specimen thickness. Similar 
"U-shaped" plots which characterize delay cycles over a wide range 
of r (Q[j/t values for AC062 and AC050 aluminum alloys and A514F 
steel are given in Figures 13 and 14, respectively. Again, large 
amounts of delay are observed at both high AKb levels, correspon- 
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ding to 1"V/QL\/t values that approach 1.0 and at low AK, levels, 
with less delay occurring at the intermediate AK. levels. 
Judging from these results, improved component life under 
variable amplitude loading conditions would be expected if the 
width of the "U-shaped" curve were decreased. In the plane stress 
regime (the right side of the curve), more delay would result if 
the yield strength were reduced for a given section thickness. 
That is, with decreasing yield strength, rv(Q\)/^ would approach 
unity at a lower AK, value. 
Upon examination of the left side of the "U" curve, it is 
apparent from Figure 12 that the data in this AK. range do not 
correlate on the basis of specimen sheet thickness. This lack of 
correlation is to be expected, however, since the delay behavior in 
this AK. regime is dominated by plane strain rather than by plane 
stress conditions. In plane strain, there is limited plasticity- 
induced closure and other mechanism(s) are needed to account for 
delay at low AK. levels. 
Before discussing the possible mechanism(s) responsible for 
the delay phenomenon at low AKu levels, the concept of an effective 
overload is introduced to provide a phenomenological explanation 
for this delay behavior. The effective overload is defined as the 
ratio of the applied overload (AKQ. ) to the effective stress 
intensity range (AK ff) for the baseline condition (where AK ~f = 
K  -K ). This effective overload definition is in contrast to 
max op' 
the definition of overload given earlier (i.e. % 0L = AKQ./AK, , 
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where AKb = Kmax~Kmin)- Tne significance of this difference in 
overload definition can be seen more clearly if the overload 
(33) interaction results of Mills et al.  ' are examined. They noted 
that the largest amount of cyclic delay due to the application of a 
second tensile overload occurred when AK ff for the baseline stress 
intensity range, due to the first overload, was at a minimum. As 
shown in Figure 15, the minimum value of AK f / corresponds to the 
point where K  is at a maximum due to the application of the first 
overload. Even though the magnitude of the second overload (AKQ. ) 
is identical to that of the first overload it is obvious (Figure 
15) that the effective overload ratio for the second AKQ, is 
considerably larger. Since it is well known that the amount of 
(31 33 34 37) delay increases with increasing percent overload/ ' ' ' ' then 
a higher effective overload will result in more cyclic delay. As 
such, a given AKQ, will result in increased cyclic delay when 
AK of associated with the base AK level is minimized. 
Recall that in the low growth rate regime, K  is known to 
/IQ_20) 
increase as K_  decreases v " ' (e.g. see Figure 16). It is 
apparent from Figure 16 that as K  is decreased, the value for 
K„„/l< „ remains constant until some critical K w is reached, op max max 
whereupon K /K  begins to increase dramatically. Prior to 
reaching this critical value of Km,„, the magnitude of an effective max 
overload would remain constant since K/,„/Km=v is constant. Once up lila A 
the value for K0D/Kmax begins to increase, the magnitude of the 
effective overload would also increase because of the corresponding 
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Figure 15.  Definition of terms for the effective 
overload, O.L,eff . Note influence of Kop 
level on the magnitude of the effective 
overload. 
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reduction in AKgff If the increase in the effective overload 
corresponds to the increase in K /K  values, then the AK. value 
associated with this increase in K /K  should correspond to the 
AK. level where the left arm of the "U-shaped" delay curve begins 
to sweep-up. For example, the point at which the K /K  values 
for AC062 (a  = 326 MPa) begin to increase (see Figure 16) is in ys 
the AKb range of 6.3-7.2 MPa»¥ for R=0.1. The AKfa level for this 
material at which the left arm of the "U-shaped" plot begins to 
sweep-up (which reflects the increase in cyclic delay) is 
approximately 7 MPavfif. It is apparent that there is a one-to-one 
correspondence between the AK level at which K /K  begins to 
increase and the AK, value corresponding to the point where the 
left arm of the "U-shaped" curve begins to sweep-up. Similar 
results were found for A514F steel. In this instance, the point at 
which K /K  began to increase corresponded to a AK, level of 
approximately 12.5 MPav¥. Similarly, the point at which the amount 
of cyclic delay began to increase for the left side of the 
"U-shaped" plot corresponded to the AKb values in the range of 
12-14 MPa m. It is apparent that the concept of an effective 
overload provides a suitable explanation for the overload induced 
cyclic delay behavior in the low growth regime. 
It should be noted, however, that this phenomenological model 
does not describe the physical mechanism(s) responsible for the 
overload-induced delay phenomenon. In order to better understand 
the mechanism(s) responsible for the cyclic delay behavior observed 
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at low AK levels, one must recognize the role of microstructure on 
FCP behavior in this AK regime. As discussed earlier, Yoder and 
co-workers^   ' demonstrated that the "knee" (AKj) in the da/dN- 
AK curve (Figure 1) corresponds to a transition between struc- 
ture-sensitive and structure-insensitive fatigue behavior. For AK 
levels above AKj, fatigue crack propagation was found to be rela- 
tively insensitive to metallurgical variables and associated with 
the formation of fatigue striations which covered the fracture 
(57-59) 
surface. In contrast, numerous investigators^    ' have shown 
that for AK levels near or below AKj, fatigue cracks were observed 
to advance in a yery  tortuous or "zig-zag" manner. This change in 
FCP behavior corresponded to a change in the microscopic fracture 
appearance to that of a highly faceted or crystallographic nature. 
Yoder noted that the microscopic fracture appearance transition 
occurred when the size of the cyclic (reversed) plastic zone was on 
the order of J,  the size of the controlling microstructural con- 
stituent. 
As illustrated in Figure 1, the fatigue crack growth rate 
becomes vanishingly small when r c< X, as AK approaches AK.. . It 
has been suggested by Tanaka and co-workers^ ' ' that the thresh- 
old phenomenon may also be related to some unique microstructure 
parameter. Their threshold model describes the threshold condition 
when slip bands at the crack tip can no longer cross the corre- 
sponding barrier to slip, such as a grain boundary. Therefore, in 
both the Yoder et al. and Tanaka et al. models, microstructural 
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features are believed to play an important role in determining the 
fatigue crack growth characteristics in the low growth rate regime. 
Since both £K.. and AKy are believed to be strongly influenced 
by the size of the cyclic plastic zone with respect to T, it would 
then seem reasonable to expect that the delay phenomenon (in the 
low growth rate regime) should also be influenced by some micro- 
structural size parameter. Specifically, delay may be influenced 
and/or controlled when the overload monotonic plastic zone size, 
r
v(0L)' corresP°ncis t0 some unique microstructural dimension (e.g. 
grain size, sub-grain size, second phase constituent spacing, or 
martensite packet size). When the results of Figures 12-14 are 
combined (Figure 17) and then replotted as a function of r («■ \/T 
(dimensions for Tare given in Table 2), a common trend in the data 
is observed (Figure 18). It is important to note that the amount 
of cyclic delay begins to increase dramatically as r t.Q,\/T 
approaches unity. Though the correlation is not as good as that 
observed for the right side of the "U-shaped" curve (i"../Qi\/t) 
(Figure 11), it is nevertheless significant in that all the data 
were shifted toward a common trend line. It can be argued that the 
poorer correlation for the left side of the "U" plot is due to the 
fact that the specified T may not be the "controlling" 
microstructural unit in each material; in some cases for example, 
the sub-grain diameter or second phase constituent spacing may 
serve as the microstructural dimension of importance.  Surely, 
more work is needed to identify which metallurgical variable for a 
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particular material controls the movement of dislocations and acts 
as the most effective barrier to slip band transmission. It is 
also suggested that the lack of correlation, especially for AC062 
(a  = 264 MPa) can to a large extent be attributable to the 
influence of plane stress effects on the delay process. In this 
instance, the combination of a small sheet thickness dimension and 
a lower yield strength may result in a significant amount of 
plasticity induced closure. In effect, cyclic delay in the low AK 
regime may also reflect a contribution from the phenomenon which 
controls cyclic delay behavior at high AK values. As such, no 
"bottoming out" of the "U-shaped" plot is observed. 
To further illustrate the influence of microstructure on 
cyclic delay in the low growth rate regime the data from 
(34) Chananiv ' were re-examined. Figure 19 shows the cyclic delay 
behavior for 2024-T3, 2024-T8 and 7075-T6 as a function of 
r /Q|\/t. It is apparent that there is no unique curve which 
describes all the data, similar to the results presented in Figure 
17. If these data are now plotted as a function of >" (OL)^' wnere 
T is the mean grain diameter, a shift toward a single curve is 
observed (Figure 20). Again, however, there is some lack of 
correlation for the results obtained from specimens with very  thin 
sections (i.e. t = 1.6 mm). It is believed that this lack of 
correlation is again related to the enhanced plasticity effects in 
the very  thin sections (i.e. contributions from plane stress or 
tensile displacement effects) as discussed above. 
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Though the interrelationship between microstructural 
dimensions and the size of the overload plastic zone can account 
for the conditions necessary for a strong load-interaction effect, 
there still remains the need to explain the physical process(es) 
occurring in the vicinity of the crack tip. Such a mechanism(s) 
must itself lead to a reduction in AKerf which causes the observed 
attenuation in crack growth rates after the overload cycle has been 
applied. At low AK. levels, which are predominantly plane strain 
in nature, residual tensile displacements arising from the overload 
are not considered to be sufficient so as to contribute much to 
crack closure. Several alternative models have been proposed to 
explain the delay phenomenon in the near threshold regime. Of 
(22) 
these, the Mode II displacement (micro-roughness)v ' and crack 
(22) bifurcation and microcracking   models will be discussed and 
considered in light of the experimental results obtained in this 
investigation. 
The micro-roughness and Mode II displacement model, as 
(23) proposed by Sureshv ' suggests that the tortuous path, by which 
the crack advances by following a tensile overload, results in 
enhanced crack face contact and greater crack closure. He theo- 
rizes that overload induced Mode II shear displacements provide the 
mechanism for fracture surface contact at a K level higher than the 
applied K . . It should be noted, however, that when AKL is low, 
faceted or tortuous crack growth is present prior to the overload. 
If the ultra-low growth rates in the low AK regime are already 
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attributed to metallurgically induced faceted growth (Region I, 
Figure 1) it is not clear how the application of a tensile overload 
will itself result in increased micro-roughness. Rather, the 
observation of additional crack closure (i.e., higher K  values) 
may be the result of different mechanisms. For example, over- 
load-induced crack bifurcation and microcrack formation may con- 
tribute to the reduction in AK **  following an overload. Hence, 
the observed increase in micro-roughness following the application 
of a tensile overload may be a consequence of a lower AK ^ rather 
than the direct cause for the reduction in AK ff. 
Crack tip bifurcation and microcracking associated with a 
tensile overload have been proposed as alternative explanations for 
(22) the cyclic delay phenomenon at low AK levels.  ' If there is 
macroscopic branching (crack bifurcation) of the main crack and/or 
microcracking (cracks on the order of 50 ym in length) in the 
vicinity of the main crack tip due to a tensile overload, the 
stress intensity factor at the main crack tip will be 
lowered^ ' ' considerably. For example, Congleton^ ' has shown 
that bifurcated cracks in KjSCC test specimens can reduce the main 
crack tip stress intensity by a factor of /?. As such, the 
effective crack tip driving force will be reduced and the associ- 
ated FCP rate decreased. 
(22) Lankford and Davidsonv ' have shown with in-situ SEM obser- 
vations that shear bands develop in the region of the crack tip 
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as a result of a tensile overload. They showed that the main crack 
bifurcates into two distinct crack fronts with each crack following 
a shear band. This crack branching resulted in a reduction in the 
FCP rate. A comparable metallographic investigation of the over- 
load regions in 2024-T3 and AC050 aluminum alloys from this study 
was performed. The overload regions examined were from the low AK 
regime where significant overload induced delay was observed (left 
side of the "U-shaped" curve). Figure 21 is a photomicrograph from 
the region of a 100% overload applied to a AK. level of 7 MPa /in in 
2024-T3. Crack bifurcation due to the tensile overload is clearly 
seen in this figure. It is important to note that crack bifur- 
cation was observed only in the immediate vicinity of the overload; 
bifurcation was not observed after the crack had grown away from 
the overload region. It is believed that this bifurcation of the 
main crack contributes greatly to the reduction in ^K^ and thus 
is responsible for the significant amount of cyclic delay ( 160,000 
cycles) observed in this case. Figures 22 and 23 reveal crack 
bifurcation due to a 100% overload in 2024-T3 (AKb = 8 MPa^nT) and 
AC050 (AK. = 7 MPavfiT)„ respectively. Again, significant overload 
induced cyclic delay was observed in these materials at these AK. 
levels. 
Along with macroscopic crack bifurcation, microcracks were 
observed on the fatigue fracture surface in the region of the 
overload. Figure 24 reveals the presence of microcracks in AC062 
(AKfa - 5 MPa^fiT) in the region of a 100% tensile overload. These 
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Figure 21.  Photomicrograph of crack tip bifurcation in 
2024-T3 due to a 100% O.L. (AKb =7 MPa/m). 
Arrow indicates location where overload was 
applied. 
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Figure 22. Photomicrograph of crack tip bifurcation in 
2024-T3 (100% O.L., AK =8 MPa/m). Arrow 
indicates where overload was applied. 
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Figure 23.   Photomicrograph of crack tip bifurcation in 
AC050 aluminum alloy (100% O.L., AKb =7 MPa 
•m"). Arrow indicates where overload was 
applied. 
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Figure 24.   Scanning electron micrograph of overload 
region in AC062 which reveals the presence of 
microcracks (arrows) in the vicinity of the 
O.L. (AKL = 5 MPa/fn). b 
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microcracks are within the boundary of the overload plastic zone 
size, and as such, are believed to be a consequence of the overload 
cycle. The presence of these microcracks also contribute to a 
reduction in AK ff by diffusing the stress intensity at the main 
crack tip over a larger effective volume. Considerably more work 
is needed to characterize the mechanism(s) responsible for secon- 
dary crack formation and its role in the crack growth retardation 
process. To summarize, it is believed that the reduction in AK f, 
due to a tensile overload in the low growth rate regime for alumi- 
num alloys can be attributed in part to macroscopic crack tip 
bifurcation and microcracking. These secondary cracking mechanisms 
along with residual displacements due to the overload lead to a 
reduction in AK ff, and hence, to a reduction in the FCP rate. 
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Fractography 
As discussed earlier, a significant amount of information can 
be obtained from the fractographic examination of fatigue 
striations. Examples of such information include the determination 
of prevailing stress intensity levels, local crack growth rates and 
directions, and loading history. Since it has been shown^ ' ' 
that striation formation is more dependent upon ^eff rather than 
AK„„. it follows that K „ values could be inferred from striation 
app op 
width measurements. As mentioned earlier, Pelloux et al. were able 
to determine K  values in the intermediate growth rate regime for 
2124-T351 aluminum alloys. Accordingly, it should be of interest 
to compare K s values inferred from fractographic measurements in 
this investigation with values obtained by other methods (i.e. clip 
gage, potential drop). At low AK levels, however, the fracture 
surface is characterized by a faceted appearance (see Figure 25) 
with no evidence of fatigue striation formation. As such, a 
fractographic determination of K  based on striation width mea- 
surements is precluded in this AK regime. However, when a tensile 
overload of sufficient magnitude is applied to a baseline stress 
intensity range in the near threshold regime, a striation or 
stretch zone is produced. It might then be possible to infer a K 
value from the width of this stretch zone. 
A photomacrograph of the fatigue fracture surface from a low 
growth rate test (AKL = 5 MPa/m) with a 100% tensile overload in 
AC062 is shown in Figure 26a. It is apparent from this figure that 
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Figure 25.  Scanning electron micrograph of AC062 fracture 
surface in the near threshold regime (AKb = 5 
MPav¥). Note "faceted-like" appearance. 
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FCP 
Figure 26.   (a) Photomacrograph of fatigue fracture 
surface frum ultra low growth rate regime 
(AKb = 5 MPa^m). Note accumulation of 
oxide debris, especially in the vicinity 
of the 100% overload (arrow). 
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the fracture surface contains patches of oxide debris, indicative 
of enhanced crack closure associated with fatigue crack growth at 
low AK levels. Of special interest is the tensile overload region 
(see arrow) which shows a distinct band of additional oxide build- 
up. Figure 26b shows this overload region at somewhat higher 
magnification. This scanning electron micrograph is typical of the 
overload region across the entire thickness of the specimen frac- 
ture surface. Region A in Figure 26b corresponds to the oxide band 
(arrow in Figure 26a) associated with the tensile overload. 
Although not clearly resolved at this magnification, there is a 
narrow region which precedes the oxide band; this band is the crack 
extension zone corresponding to the single peak tensile overload. 
Figure 26c is a higher magnification photomicrograph of the tensile 
load excursion region. At this magnification, three different 
regions are clearly seen: Region A is the same as that shown in 
Figure 26b (i.e. the oxide band), the stretch zone is identified as 
Region B, and Region C is the fracture surface prior to the over- 
load. It is important to recognize that if a specimen is loaded 
under constant AK^ conditions the corresponding K  value remains 
constant until after the peak load excursion. Therefore, the 
stretch zone shown in Figure 26c was produced from AK -- condition 
defined by K  of the overload cycle minus the K  value existent 
prior to the overload. 
A plot of da/dN - AK  for AC062 obtained in a previous 
investigation* ' (Figure 27) shows the effect of mean stress on 
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Figure 26.   (b) Scanning electron micrograph of 100% 
overload region from Figure 26(a), Region 
A corresponds to oxide band depicted by 
arrow in (a). 
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Figure 26.   CO Scanning electron micrograph which 
reveals a stretch zone (Region B) due to a 
100% overload in the near threshold regime. 
Region A is oxide band and Region C is 
fracture surface prior to the overload. 
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crack growth rates. Mean stress effects for this material were 
correlated in the intermediate growth rate regime (Figure 28) by 
using AK ., rather than AK  . The AK .... values used in this plot 
eff app      eff r 
were calculated from AK  values determined with a displacement 
op r 
clip gage. Further examination of Figure 28 reveals that K 
values determined in this manner (clip gage) do not correlate crack 
growth rates at low AK levels for different mean stress levels. It 
is speculated that K  values measured using a displacement gage do 
not reflect the true opening level at very  low K  levels due-to 
insensitivity of the clip gage. This insensitivity may be due in 
part to the remote nature of the clip gage with respect to the 
crack tip in a typical CT or WOL specimen. Other contributions to 
inaccuracies may be related to stress state effects (i.e. plane 
stress vs. plane strain) across the specimen thickness. 
In order to evaluate K  values for a particular material (in 
the low growth rate regime) using the fractographic technique 
•mentioned above, an overload of sufficient magnitude must be 
applied to a constant baseline stress intensity level, such that a 
measurable stretch zone is formed. Equation 6 may then be used to 
determine AK f ^ for the overload. In order to use Equation 6, 
however, the material-dependent constant U must be determined. 
Since it was shown in Ref (20) for the case of AC062 that AK ~- 
(based on K  values determined by compliance technique, i.e. clip 
up 
gage), correlates mean stress effects in the intermediate growth 
rate regime, then U can be determined (in this regime using 
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Equation 6) by using either stn'ation spacing data or stretch zone 
width measurements. 
Stretch zone width data from this investigation were compared 
with the striation spacing data from (20) for a given AK ff and 
were found not to be in agreement. This lack of agreement is 
believed to be due to uncertainties associated with the interpreta- 
tion of the stretch zone dimension and also to the intrinsic 
scatter associated with stretch zone size interpretation and 
measurement. Typical stretch zone regions from 100% overloads (AK, 
= 10 MPavfiT) in AC062 are shown in the photomicrographs of Figure 
29. 
The average stretch zone width was found to vary from 1.8 x 
-3 -3 10  mm in Figure 29a to 3.6 x 10- mm in Figure 29b for identical 
overload conditions. The difference between the minimum and 
maximum stretch zone widths is on the order of 100%. Such large 
variations in stretch zone width measurements are not acceptable 
since the inferred AK ff. value would vary by 40 to 50%. It is 
obvious that a more complete statistical analysis involving a 
larger data base would be necessary. 
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Figure 29.   Transmission electron micrographs illustrating 
variations in stretch zone width dimension for 
the same AKb conditions and % O.L. (a) SZW % 
1.8 x 10-3 mm (stretch zone demarcated by 
arrows). 
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Figure 29. 00 SZW*3.6 x 10-33 mm (stretch zone 
demarcated by arrows). 
78 
Future Research 
Additional work in the areas of effective overloads and 
microstructural effects on overload induced delay is suggested. 
Such work would involve a comparison of the amount of cyclic delay 
observed for the same effective overload (recall, % OL ff = AKQ,/ 
AKeff x 100) applied to two different AKb levels. For example, 
assume a A«b of 5 MPavftf has a corresponding AK -.- of 2.5 MPa/m and 
a AKb of 15 MPa/n has a AK f of 12.5 MPa/ffi. If a 100% tensile 
overload (%0L = AKQL/AKb x 100) is applied to both AKfa levels, 
cyclic delay will occur. For arguments sake, assume that Nd for 
AKb = 5 MPa,/m is 200,000 cycles and 25,000 cycles for AKb = 15 MPa 
M.    These values are reasonable estimates, based on results 
reported in this study. The calculated effective overload would be 
200% for AKb = 5 MPa^m and 120% for AKb = 15 MPa/m. Now, if the 
effective overload of 120% were applied to a AKb of 5 MPav^m the 
applied overload would actually be only 60%. Likewise, the 
application of the 200% effective overload to AKb = 15 MPa^rn would 
result in an applied overload of 167%. It is speculated for such 
an experiment that if the AKb level of 15 MPav^m received an 
effective overload of 200% the resulting cyclic delay would 
approach that found when AKb equaled 5 MPav^n (e.g. N. 'v 200,000 
cycles). Similarly, it is believed that the amount of cyclic delay 
observed for an effective overload of 120% applied to AKb = 5 MPa>¥ 
would be on the order of that found when a AKb of 15 MPa^fn was 
subjected to a 120% effective overload (e.g., Nd ^ 25,000 cycles). 
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A microstructural investigation of the overload plastic zone 
size and its relation to £ is recommended. Such an investiation 
should focus on the possible mechanism(s) responsible for secondary 
cracking. Also, a more rigorous characterization of the 
appropriate £ dimension and its influence on slip band 
transmission should be attempted. 
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CONCLUSIONS 
Based on the experimental results of this research project the 
following conclusions can be made regarding the overload induced 
FCP behavior in the alloys examined: 
1. All alloys examined exhibited delay behavior which can be 
described by a "U-shaped" plot, which represents large amounts of 
delay at both high AKb (provided, r^x/t^ 1.0) and low AK. (provi- 
ded i" (QL\/£"^ *°) ^evels5 significantly less delay was observed at 
intermediate AK. levels. 
2. Increasing cyclic delay with increasing AK, (as rv/ni\/t"* 
1.0 was attributed to increasing crack closure due to large tensile 
displacements in the wake of the advancing crack tip. This was 
verified by the existence of large plasticity "wings" on the 
specimen faces and extensive abrasion on the fracture surface. 
3. Increasing cyclic delay with decreasing AK. (as r /«. \/T + 
1.0 could be explained phenomenologically in terms of crack closure 
considerations. As AK, decreases, AK  increases, such that AK .. 
decreases. Since cyclic delay increases with increasing overload 
percentage, a decreasing AK -* would result in an increased effec- 
tive overload and increased cyclic delay. The increase in cyclic 
delay at low AK. was attributed to a reduction in the baseline 
K ff because of crack bifurcation and microcracking in the vicinity 
of the overload. 
4. For a given AKb and %0.L., the amount of overload induced 
cyclic delay decreased with increasing R ratio. It is believed 
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that this behavior can be attributed to the fact that K  levels 
op 
decrease with increasing R ratio; hence, the AK ff level is larger 
which results in a lower effective overload. 
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